ABSTRACT CUE domain-containing 2 (CUEDC2) is a protein involved in the regulation of the cell cycle, inflammation, and tumorigenesis and is highly expressed in many types of tumors. CUEDC2 is phosphorylated by Cdk1 during mitosis and promotes the release of anaphase-promoting complex or cyclosome (APC/C) from checkpoint inhibition. CUEDC2 is also known to interact with IkB kinase α (IKKα) and IKKβ and has an inhibitory role in the activation of transcription factor nuclear factor-κB. Moreover, CUEDC2 plays an important role in downregulating the expression of hormone receptors estrogen receptor-α and progesterone receptor, thereby impairing the responsiveness of breast cancer to endocrine therapies. In this review, current knowledge on the multi-functions of CUEDC2 in normal processes and tumorigenesis are discussed and summarized.
INTRODUCTION
Cancer is a very complicated disease, and its development, also called tumorigenesis, is composed of multiple components and steps. Many elements are believed to contribute to tumorigenesis. For instance, deregulation of cell growth and cell cycle, inhibition of apoptosis, and chronic inflammation have been shown to play important roles in the development of this deadly disease (Hanahan and Weinberg, 2000) . Defects in cell cycle regulation, such as mutations of the cell cycle inhibitors Rb and p53, also often result in tumorigenesis.
A growing body of evidence suggests that deregulations in the spindle checkpoint, a surveillance mechanism important for the proper segregation of chromosomes during cell division, promote tumorigenesis (Weaver and Cleveland, 2008) . Several critical regulators of mitosis, including Mad2, Aurora B, and Securin, have been found to be overexpressed in many types of cancer and are believed to play essential roles in the development of these cancers (Schvartzman et al., 2010) .
In last decade, a large amount of evidence has indicated that inflammation contributes to tumorigenesis (Karin, 2006; Mantovani et al., 2008) . Many cancers result from chronic inflammation triggered by either extrinsic factors, such as infection, autoimmunity, and tobacco smoke, or intrinsic factors, such as oncogene activation (Aggarwal et al., 2009) . Chronic inflammatory responses produce cytokines and growth factors that may promote cell proliferation and suppress apoptosis, and both of these outcomes result in increased risks of cancer. For example, persistent human papillomavirus (HPV) infection is associated with cervical cancer, infections with hepatitis B (HBV) or C (HCV) viruses increase the risk of hepatocellular carcinoma (HCC), and infections with Epstein-Barr viruses (EBV) are linked to nasopharyngeal cancer and lymphoma. Gastric cancer arises from chronic Helicobacter pylori infection (Karin, 2006; Wu et al., 2009) . Although the strong link between inflammation and cancer is generally accepted, the precise mechanistic linkages between them are only beginning to be understood.
CUEDC2, a CUE domain-containing protein, was initially reported to interact with progesterone receptor (PR) and promote progesterone-induced ubiquitination and degradation of receptors (Zhang et al., 2007) . The CUE domain, a small ubiquitin-binding motif with approximately 40 amino acid residues, has a dual role in mono-and poly-ubiquitin recognition, as well as in facilitating intramolecular monoubiquitination (Donaldson et al., 2003; Shih et al., 2003) . The CUEDC2 protein is ubiquitously expressed in human tissues and organs and is highly expressed in the brain, heart, and testis. Recent studies have suggested that CUEDC2 is a multi-functional protein and is involved in the regulation of many key cellular events (Fig. 1) , including cell cycle, growth factor signaling, and inflammation (Li et al., 2008; Gao et al., 2011; Pan et al., 2011) . More importantly, an increasing amount of research findings suggests that CUEDC2 is an emerging important player in tumorigenesis.
CUEDC2 AND CELL CYCLE
The cell cycle is a complicated process by which a single cell develops into a multicellular tissue or even a mature organism. Deregulation of the cell cycle is known to result in various disorders, including tumor development. For instance, mutations of the cell cycle inhibitors Rb and p53 often result in tumorigenesis. The regulation of cell cycle has been intensively studied. In particular, the fact that the spindle assembly checkpoint (SAC) signal is initiated at unattached kinetochores and that this checkpoint silencing could be achieved by the kinetochore pathway and the release of APC/C from the checkpoint are well established (Weaver and Cleveland, 2008; Schvartzman et al., 2010) . However, the underlying molecular mechanisms of the release of APC/C from checkpoint-inhibition after proper kinetochore attachment remain largely unknown.
In a recent study, CUEDC2 was identified as a novel cell cycle regulator that promotes spindle checkpoint inactivation and releases APC/C from checkpoint inhibition (Gao et al., 2011) . Mitosis is a complicated and tightly regulated biological process. Ordered protein degradation is known to promote this progression through mitosis (Nigg, 2001; Pines and Rieder, 2001 ). The primary regulator of protein degradation during mitosis is APC/C, a multi-subunit E3 ubiquitin ligase (Morgan, 1999; Page and Hieter, 1999; Peters, 2006; Sullivan and Morgan, 2007) , and which activation in mitosis needs the binding with its co-activator Cdc20 or Cdh1 (Visintin et al., 1997) .
CUEDC2 is phosphorylated by Cdk1 in early mitosis, and the depletion of CUEDC2 results in a checkpoint-dependent delay in metaphase-anaphase transition. Moreover, the phosphorylation of CUEDC2 is important for its binding to Cdc20. Interaction between CUEDC2 and Cdc20 is important for the dissociation of Mad2 from the APC/C-Cdc20 complex and subsequently promotes APC/C activation. Similar to other Cdk1 substrates, CUEDC2 is dephosphorylated when cells exit from mitosis. Thus, CUEDC2 is believed to function downstream of Cdk1 to control APC/C activation and metaphase-anaphase transition (Gao et al., 2011) .
Identifying mitotic checkpoint complex components and investigating the regulatory events of its activation is very important, and most studies on the regulation of SAC activity have focused on this aspect. A recent study by Gao et al. suggested that the Cdk1-dependent phosphorylation of CUEDC2 is required to turn off SAC. Based on this study, the following model of CUEDC2-mediated regulation of APC/C activation can be established: A dynamic balance exists between the production of Mad2-Cdc20-containing checkpoint complexes and CUEDC2-dependent Mad2 dissociation from Cdc20 during SAC activation. When the rate of Mad2-Cdc20 production exceeds the rate of CUEDC2-dependent dissociation, the checkpoint can be established and APC/C is inhibited. However, when the Mad2-Cdc20 complex is no longer produced as all kinetochores become attached, CUEDC2 promotes Mad2 dissociation from Cdc20 and APC/C activation (Gao et al., 2011) .
CUE domains can bind to both monoubiquitin and polyubiquitin, and CUEDC2 has been demonstrated to promote the degradation of PR and ER-α by affecting the ubiquitin-proteasome pathway (Zhang et al., 2007; Pan et al., 2011) . Therefore, the assumption that CUEDC2 may be involved in the ubiquitination process during mitosis is an intriguing speculation. In the study by Gao et al., the CUE domain of CUEDC2 was shown to be required for the dissociation of Mad2 from APC/C and for the timely activation of APC/C. However, to date, no protein degradation mediated directly by CUEDC2 through the ubiquitin system during mitosis has yet been found. These possibilities require further investigation.
CUEDC2 AND NF-κB ACTIVATION/INFLAMMATION
NF-κB is a transcriptional factor that regulates diverse biological processes, including cell proliferation, survival, inflammation, and immunity (Maniatis, 1999; Karin and BenNeriah, 2000; Chen and Goeddel, 2002; Wajant et al., 2003) . Activation of the NF-κB pathway in response to cytokine induction by infection is important for initiating inflammatory responses. The inflammatory response is accurately controlled and terminated as soon as the infection factors are eliminated from the host. These fine regulations of inflammatory responses are achieved through important feedback signaling (Karin and Greten, 2005) . Among many known regulation steps of NF-κB activation, CUEDC2 acts as an important negative regulator for the pathway and prevents the prolonged activation of NF-κB (Li et al., 2008) .
NF-κB proteins normally remain inactive through their interaction with their inhibitor, IκB. The regulation of IkB kinase (IKK) activity is a key step in the activation of NF-κB by extracellular stimuli. IKK activity is believed to be controlled by the opposing action of kinases and phosphatases (Yang et al., 2001; Huang et al., 2004; Häcker and Karin, 2006) . Before Li et al. reported that CUEDC2 was a major regulator that inactivates IKK, most reports on the NF-κB pathway focused on the mechanisms of IKK activation (Hsu et al., 1996; Nakano et al., 1998) . In the study by Li et al., the catalytic IKK subunits IKKα and IKKβ were both found to interact with CUEDC2 (Li et al., 2008) . CUEDC2 was found to inhibit the phosphorylation and activation of IKKα and IKKβ in response to tumor necrosis factor (TNF) signaling, the degradation of IκB proteins, and the nuclear translocation of NF-κB. CUEDC2 inactivates IKKs by recruiting the protein phosphatase 1 (PP1) to the IKK/ CUEDC2 complex and allowing PP1 to dephosphorylate IKKα and IKKβ (Renner and Schmitz, 2009; Bollen et al., 2010) . This finding provides another layer for the complexity of NF-κB regulation and indicates that IKK is maintained in a default inactive state by its interaction with CUEDC2-PP1, which enables the transient, signal-dependent activation of IKK required for a controlled inflammatory response (Li et al., 2008; Cui et al., 2010) .
Receptor-interacting protein (RIP) is well known to play an important role in TNF-induced IKK activation, and TNF receptor associated factor 2 (TRAF2) is partially required because of the redundancy of TRAF5. Studies have indicated that IKK is recruited into the TNFR1 complex through the interaction with TRAF2, and subsequent investigations have suggested that the RIP-IKKγ association is also important for the TNF-induced recruitment of IKK. CUEDC2 can interact with IKKα and IKKβ, and TRAF2 promotes the disassociation of IKK from CUEDC2 (Li et al., 2008) . However, the RIP-IKKγ complex may also possibly contribute to the displacement of CUEDC2 from IKKs. Therefore, more studies are necessary to investigate the function of RIP in the displacement of IKK from CUEDC2. The interaction of CUEDC2 with ubiquitinated IKKγ is unlikely because IKKγ is ubiquitinated by the antiapoptotic protein c-IAP1 (inhibitor of apoptosis protein 1), and this process seems to occur in the TNFR1 complex.
The biological and pathogenic importance of NF-κB signaling demonstrates the need to tightly control its action, and its deregulation is often associated with various disorders and diseases, including AIDS, asthma, arthritis, diabetes, stroke, and cancer (Greten et al., 2004; Karin, 2006) . As a key regulator of IKK activation, CUEDC2 may affect the pathology of inflammatory diseases and, therefore, be a potential target for the development of new treatments for such disorders and tumors (Minton, 2008) .
THE ROLE OF CUEDC2 IN TUMORIGENESIS AND TUMOR THERAPY
Many factors affect tumorigenesis, including gene mutation and chromosomal instability. Recent studies have demonstrated that CUEDC2 is highly expressed in many types of cancers, including ovarian, kidney, brain, and breast tumors (Gao et al., 2011; Pan et al., 2011) . High levels of CUEDC2 result in earlier inactivation of mitotic checkpoints and precocious activation of APC/C, eventually resulting in chromosome missegregation and aneuploidy (Gao et al., 2011) . Aneuploidy can drive tumor formation under certain contexts and is an early event in tumor formation that precedes the inactivation of tumor suppressor genes (Weaver and Cleveland, 2008) . Thus, CUEDC2 deregulation may contribute to tumor initiation by causing chromosomal instability. However, the inhibitory role of CUEDC2 in NF-κB activation seems contradictory to its cancer-promoting function as a cell cycle regulator during tumorigenesis. NF-κB signaling pathway is one of the most important pathways involved in inflammation, and inflammation is thought to be a key factor in tumor development, so the inhibitory effect of CUEDC2 on NF-κB activation appears to have a protective effect against tumorigenesis, rather than a promoting one. However, similar to the role of IKKβ in the HCC model (Maeda et al., 2005) , the overexpression of CUEDC2 may promote tumor development by inhibiting NF-κB activation, which results in increased and prolonged c-Jun N-terminal kinase (JNK) activation and enhanced necrotic cell death (Grivennikov et al., 2010) . These findings and possibilities provide important insights into the function of CUEDC2 in tumor initiation and promotion.
A recent study suggested that CUEDC2 plays an important role in breast cancer progression and therapy (Pan et al., 2011) . Breast cancer is the most common carcinoma in women, and resistance to endocrine therapies is one of the major barriers to its successful treatment. Generally, ER-α expression is the primary biomarker of responses to breast cancer endocrine therapy, and elucidating the regulation of ER-α expression can provide therapeutic targets for overcoming endocrine resistance (Gown, 2008; Yamashita, 2008; Musgrove and Sutherland, 2009) . Pan et al.'s study (2011) further suggested that CUEDC2 interacts with ER-α and downregulates ER-α protein stability through the ubiquitin-proteasome pathway. CUEDC2 expression is inversely correlated with the amount of ER-α protein in breast cancer. In human breast cancer tissues, high levels of CUEDC2 protein are always associated with low ER-α expression, and yield significantly poorer disease-free survival (DFS) and overall survival rates after treatment with tamoxifen. Ectopic CUEDC2 expression has been found to consistently reduce the responsiveness of breast cancer cells to tamoxifen. Therefore, the high expression of CUEDC2 is at least partially responsible for the resistance of this subset of breast cancers to endocrine therapy. Approximately 40% of all ER-α-positive tumors do not respond to tamoxifen therapy despite the recommendation of adjuvant endocrine therapy for people with ER-α-positive breast cancer (Normanno et al., 2005) . These findings provide an improved understanding of the molecular etiology of tumors that are ER-α-positive but also show poor responses to endocrine treatment.
In addition to ER-α, PR and human epidermal growth factor receptor-2 (HER2) are two well-characterized biomarkers of endocrine resistance in breast cancer therapy (Baselga and Norton, 2002; Arpino et al., 2008) . Low PR expression or high HER2 expression often indicates poor response to endocrine treatment. Similar to the relationship between CUEDC2 expression and ER-α, CUEDC2 and PR expression are also inversely correlated in breast cancer. CUEDC2 binds to PR and promotes PR degradation through the ubiquitinproteasome pathway in breast cancer cells (Zhang et al., 2007) . CUEDC2 and HER2 expression are also suggested to have a significant positive correlation in breast cancers, but the mechanism for such remains unknown. Therefore, restoring ER-α expression by inhibiting CUEDC2 provides a potential new strategy for restoring the sensitivity of tumors to endocrine therapy, and CUEDC2 may be a therapeutic target for overcoming endocrine resistance in breast cancers. Future studies are necessary to further explore the role of CUEDC2 deregulation in tumorigenesis.
CONCLUSIONS AND PERSPECTIVES
The CUEDC2 protein regulates many aspects of cellular events and plays a role in tumorigenesis and tumor response to therapy. CUEDC2 has been demonstrated to have important functions in the cell cycle, steroid receptor regulation, inflammation, and tumorigenesis. Deregulation of the cell cycle and chronic inflammation are known to play pivotal roles in tumor development. As a key regulator of these cellular events, CUEDC2 is warranted to be an emerging important player in tumorigenesis. While further studies on the role of CUEDC2 in tumor development, particularly of different types of cancer, in addition to breast cancer, are necessary, elaboration of the structure of CUEDC2 and modulation of its different functions are also important. These studies will be essential for validating CUEDC2 as an anti-cancer drug target and could provide new strategies for better cancer therapies in the future.
ABBREVIATIONS
APC/C, anaphase-promoting complex or cyclosome; CUEDC2, CUE domain-containing 2; EBV, Epstein-Barr viruses; HBV or HCV, hepatitis B or C virus; HPV, human papillomavirus; IKK, IkB kinase; NF-κB, nuclear factor-κB; PR, progesterone receptor; RIP, receptorinteracting protein; SAC, spindle assembly checkpoint; TNF, tumor necrosis factor; TRAF2, TNF receptor associated factor 2
